Abstract-A high level of delivered power quality is becoming one of the key performance indicators for both contemporary and future power networks. The increased proliferation of converter connected generation and load in power networks will lead to increased levels of harmonics in distribution networks. A general knowledge of the distribution network performance in terms of harmonics is essential for distribution network operators for both operating and planning networks while considering power quality performance. The main limitation is the reduced monitoring infrastructure compared to transmission networks. This paper presents an efficient method for assessment of harmonic levels along medium voltage radial distribution feeders based on a single measurement at a substation. The methodology is illustrated in a case study involving a real life medium voltage 35 bus radial distribution feeder.
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I. INTRODUCTION
H ARMONIC sources are increasing rapidly in today's distribution networks. Under the current paradigm shift towards greener more efficient networks, power electronic interfaced loads and different generation and storage technologies are widely utilised. Convertor interfaced generators, storage and variable-speed drive (VSD) interfaced motors, for example, are sources of nonlinearity and distortion at the connection buses. Such types of equipment are usually manufactured and tested considering the standard limits of harmonic injections. Nevertheless, the aggregated effects of a high penetration of such loads and generators might lead to permanent or temporary harmonic standard limit violations at the connection points at the low voltage (LV) or even the medium voltage (MV) point of common coupling (PCC).
Standard limit levels regarding harmonic voltages and total harmonic distortion (THD) are defined in international standards [1] , [2] , however exact 'pain'/sensitivity levels vary between different types of equipment. Increased losses, premature aging, communication interference and equipment damage under resonance conditions are some of the well-known impacts of excess harmonics. Most of these effects, however, are difficult to model and many uncertainties are involved in the estimation of customer and utility losses due to harmonics. Moreover, only a few regulators worldwide force harmonic limits or penalize Distribution System Operators (DSO) based on harmonic performance, and the limits are enforced based on a connection agreement between the customer/DG owner and the utility [3] . Thus, the network wide monitoring and the observability of harmonics levels throughout LV and MV distribution feeders are still very limited in most of today's distribution networks.
Harmonic State Estimation (HSE) is the process of establishing the levels of the harmonic voltages at all network buses based on a limited number of harmonic readings. For transmission systems it is a well-developed process [4] - [7] . Taking advantage of the high number of monitored buses, the symmetry of the network, the meshed topology and a prior knowledge of most probable location of harmonic sources, the HSE for transmission systems can give accurate estimates of harmonic levels and can pinpoint the harmonic sources by applying proven estimation mathematical models like the Weighted Least Squares (WLS) technique. More recent publication considered time-varying harmonics in the estimation [8] . It was also shown in [9] , [10] that the time domain harmonic state estimation can be performed by applying new techniques and by utilising the advancement in computing hardware to reduce computational time.
On the other hand the HSE for distribution networks is still developing. The limited monitoring infra-structure, the limited knowledge of the status of some components (especially capacitors), the high variance and uncertainty in harmonics injections and locations, the high R/X ratio of branches and the radial or weakly meshed topology complicate the problem of harmonic estimation. The radial topology and limited number of monitors in addition to a high variance of harmonics through long periods of study complicate the problem of the optimum positioning of monitors to obtain full observability. These aspects of distribution feeders usually lead to difficulties in getting independent readings, which in turn leads to ill-conditioned matrices for both estimation and monitors locating problems and causing, in general, solutions convergence issues [4] . However, on the positive side, the simple topology of distribution feeders lends itself to simplified calculations and the possibility of the direct application of Kirchoff's Laws to gain useful information. Recent references discussed the HSE problem for distribution 0885-8977 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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networks and suggested solutions like monitoring certain harmonic frequency or utilising synchronised measurements from Phasor Measurement Units (PMUs) [11] - [13] . References [14] , [15] present a technique for the estimation of harmonic levels and provide an educated guess for the most probable location of harmonic sources. This algorithm requires two or three monitors located at nodes that divide the feeder into sections. Based on the fact that harmonic currents flow towards the sub-station [14] , the most probable location of non-linear sources can be associated with certain sections of the feeder. A good estimate of overall harmonic levels can be provided. Also, it was shown in [16] that a high level of knowledge about radial distribution feeders harmonic performance can be achieved based on substation readings. While extra monitors and field measurements can help to pinpoint sources and increase accuracy, they are expensive and not always permanently located at distribution feeders [16] .
This paper presents two efficient methodologies for harmonic analysis and assessment in distribution feeders. The proposed methodologies are not based on the state-estimation concept but aim to provide approximate evaluation of the harmonic performance in radial distribution feeders with limited monitoring. Based only on the general knowledge of load types, network parameters and single monitor at the sub-station; approximation of the available harmonic distortion capacity along the feeder can be estimated using developed look-up curves. Furthermore, the proposed probabilistic methodology can provide a more accurate assessment of the THD and individual harmonic voltage levels over a given time period at all buses along the feeder. A case study based on a 35-bus real distribution feeder is used to illustrate developed approaches. All simulations are performed in OpenDSS and MATLAB environments.
II. HARMONICS IN RADIAL FEEDERS
There are well developed techniques for the harmonic analysis of radial distribution feeders. Usually an analysis of expected low harmonic frequencies and potential resonance at the feeders is adequate in order to identify any unacceptable performance, and where further analysis with more accurate modelling will be required [17] .
Based on the fact that the harmonic currents flow towards the substation; a rough estimate of THD levels can be produced based on the knowledge of the feeder parameters and the harmonic readings at the substation. This assessment of feeder harmonic performance can provide a look-up figure indicating the remaining THD capacity of the feeder based on the THD recorded at the sub-station. The THD capacity can be used in distribution planning considering PQ performance. As discussed in [18] for calculating the remaining load growth permissible before reaching harmonic limits, or in more recent studies as in [19] , [20] to determine the level of permissible penetration of distributed generation.
For capacitor free feeders with the assumption of no harmonic current cancellation, the minimum THD of the feeder is at the substation bus [21] . Therefore, the THD along the feeder usually increases with the electrical distance from the sub-station, i.e., with higher system impedance or lower short-circuit capacity, see Figure 1 . The current practice of evaluating new connections under stages 2 and 3 of [3] is to calculate the THD headroom at the connecting point and neighbouring buses. However, for radial distribution feeders with comparable load characteristics, the shape of the THD vs. feeder length is exponential with the growth constant directly related to the electrical distance. Therefore, the increase of THD at a certain point will shift the whole curve up and most probably bringing the nodes further from the sub-station closer to the planning level. The harmonic analysis presented in this paper is applicable to radial feeders with comparable load characteristics.
III. TEST NETWORK AND CASE STUDIES

A. Test Network
The test network adopted for the harmonic simulation over one day is a real 35-bus medium voltage (15 kV) distribution feeder connected to the external grid through 60/15 kV Yy transformer. Thirty buses are load buses with both commercial and domestic types of load connected. The total peak load at the study day is 3.1 MW and 1.1 MVAr. The displacement power factor was kept constant for all load buses at 0.94.
Different types of cable are installed, with R/X ratio ranging between 1.75 and 5, the total length of feeder branches is around 8 km. All load buses are considered to have harmonic sources with different levels and frequencies throughout the study period. Also, a zero sequence path was provided by connecting sub-station transformer windings and loads as grounded star, to analyse the flow of triplen harmonics. Further details about the test feeder can be found in [22] , [23] .
Six characteristic buses were adopted for analysis; Bus 01, the MV bus of the substation (monitored), Bus 06, Bus 15 and Bus 28 at different locations on the main path, Bus 19 at the end of a small branch and Bus 35 at the end of the main path, see Figure 2 . Table I shows the fundamental frequency electrical distance of the selected buses from the monitored bus, Bus 01. 
B. Superposition Case Study
The superposition case study was performed by equal harmonic injections at the characteristic buses (except Bus 01) one bus at a time, and the propagation of the harmonic distortion was studied. From Figure 3 it can be seen that the injected harmonics resulted in THDv at the injecting bus that propagates un-attenuated towards the end of the feeder. This is simply because at the injection point the path towards the substation provides the low impedance path while the opposite direction is effectively an open circuit for harmonic voltages. The harmonic voltages drop in the direction of the substation is almost equal for all five cases and directly related to the network harmonic impedance. Therefore, the THD at the substation is the same for all the studied injection buses. Note the special case of harmonic injection at Bus 19 (red line-dot markers) as the bus is at the end of a branch ( Figure 2) and not in the main feeder. After subtracting the THD drop in the branch, however, the THD values at buses 15, 28 and 35 are equal.
To study the propagation of the THD rather than separate harmonic voltages, the electrical distance of characteristic buses to the substation bus at different frequencies were aggregated. The total harmonic electrical distance was produced by the weighted sum of electrical distances at N considered harmonic frequencies and i buses. The h th harmonic impedance is weighted by the ratio 1/h, based on the expected harmonic currents flowing at that harmonic frequency, equation (1) . The Z THD is normalized based on the maximum harmonic electrical distance calculated for a bus, which is normally indicating the physically furthest connected bus from the substation for radial feeders.
By applying the concept of the total harmonic electrical distance for the combined results (average THD at the bus when injection is at the same bus) the linear relationship between Z THD and the THD propagation can be noticed in Figure 4 . The feeder electrical length is normalized based on the furthest bus, Bus 35, i.e., |Z THD,35 | = 11.13 Ω, as shown in Table II .
C. Generic Case Study
The generic case study is simulated to analyse the propagation of harmonics for known distorting loads. This was performed by adopting equal in-phase harmonic spectra for all loads using the theoretical values of convertors' harmonic currents [24] Then by calculating the harmonic distortion for the characteristic buses for one day, considering the loading levels as the only varying parameter, the THD vs. total harmonic electrical distance curve was produced. Figure 5 shows the minimum, average and maximum THD value recorded during the day plotted against harmonic electrical distance Z THD . The relationship between THD and Z THD is not linear in this case due to interaction between different sources of harmonic currents, i.e., a certain level of harmonic cancellation. In spite of injection at a 0°phase shift from fundamental currents at each node, the harmonic phase angles at different summation points differ due to different harmonic impedances between the nodes. As shown in the figure, the THD tends to increase with the distance from the substation, also the variation range at the further buses is higher. This can be explained by the faster increase of impedance at the further buses with frequency as shown in Figure 6 .
D. General Case Study
A general case study was produced for a one day harmonic performance of the network, and used as a benchmark for the assessment. Two loading curves, for commercial and domestic loads, were adopted with a resolution of half an hour. Every half hour three harmonic voltages and current readings (representing a reading every ten minutes) were recorded, by sampling injections at all loading nodes from predefined average values of harmonic currents at each given node, and harmonic load flow was run. Every six hours the average values of harmonic injections and harmonic frequencies were varied representing the new composition of non-linear loads connected at the bus. The first six odd harmonic frequencies were considered, i.e., 3rd, 5th, 7th, 9th, 11th and 13th, with injection levels varying between 0% and 90% of fundamentals at different times and at different nodes. The THD ranged (for all buses) between 0.14% and 6.34% throughout the study day. Figure 7 shows the minimum, average, 95th percentile and the maximum values of THD of the characteristic buses. Just as in the generic case study, the variation in the recorded THD increases with the distance from the substation.
IV. METHODOLOGY
A. Coarse Analysis
The analysis is performed based on the generic case study presented in III.C. The curves of THD vs. harmonic electrical distance from Figure 5 are smoothed and used to perform two types of studies:
-The impact of increased injection at one node on the rest of the feeder. -A rough assessment of THD along the feeder based on a substation harmonic reading. The impact of the increased injections was performed in the generic case study. At Bus 06 the injection was increased to 2, 3 and 4 times the original injections, while the rest of the injecting loads were kept at the original values used in the generic case study. A one day harmonic evaluation was performed and the minimum, average and maximum THD values were plotted for the characteristic buses, as shown in the next section.
The second study was to perform a rough estimate of the general case study performance based on the generic average curve of THD vs. electrical distance. This was done by rescaling the THD curves from the generic case by a correction factor based on the THD values recorded for the general case study. Also, the variation level (measured by the coefficient of variation σ/μ) measured at the substation for the general case was used to estimate other indices, i.e., maximum and 95th percentiles of THD.
B. Probabilistic Assessment
The assessment of harmonic levels is performed based on the methodology described in [14] , [15] . However, the main aim here is to estimate the levels of harmonic distortion rather than pinpointing the harmonic sources themselves. Based on the fact that all harmonic currents flow towards the sub-station [14] in normal conditions, monitor readings at the sub-station should provide basic information about the frequencies and the levels of harmonic current flow throughout the feeder, assuming that there is no high level of harmonic cancellation or harmonics diverted to the ground through capacitors or filters, Figure 8 shows an example where a 5 th harmonic current is present at some of the feeder branches but might not be recorded by the substation monitor due to a capacitor installed along the feeder.
The developed algorithm is based on Monte Carlo (MC) simulations of the injection levels at all nodes. For the MC simulation the sampling range and the number of simulations should be selected based on the expected variation of harmonic performance during the study period. A number of uncertainties are involved in the simulation of harmonic levels. Uncertainties like loading levels, injection levels and angles affect the shape and the range of the samples of results of harmonic voltage and THD. For example, considering the generic case study (changing only load levels with all remaining parameters fixed) harmonic daily performance, the THD variation during the day is approximately equal to the characteristic buses with a coefficient of variation σ/μ = 0.35. This indicates a daily variation range of more than ±100% of the average value for 3σ covering 99.7% of observations. To perform the MC based on such a high range, a high number of simulations is required. Therefore, to exclude the loading variation from the assessment, predefined loading curves based on the knowledge of the day type (weekend/weekday) and the load type (domestic/commercial) are applied at different nodes, and the estimation function is modified to include time-stamped readings. By estimating a reading at a time, a range of ±30% of average with only 100 harmonic simulations yields an estimation of 95th percentiles of THD values with an average error of 6% for the characteristic buses.
The recorded spectra at the substation are taken as the initial estimate of the injections at all nodes, i.e., the ratio of harmonic currents to fundamentals recorded at the substation is assumed to be relatively contributed to by all loads based on their size. These values are adopted as the mean values of the injection samples. Then, by randomly sampling normally distributed harmonic injections around these mean values with constant angles based on the monitored values, a number of harmonic load flows are run and the V h and THD values at all nodes are calculated. The final assessment/estiamte is produced by comparing the substation (monitor location) harmonic voltages V h obtained by every simulation with the recorded monitored values. The sampled harmonic injections resulting in the minimum absolute error at all frequencies are taken as the final estimated spectra. A final harmonic load flow is performed based on the final estimated spectra to establish the estimated harmonic levels at all nodes. The flow chart of the developed methodology is shown in Figure 9 .
C. Probabilistic Assessment With Capacitor Connected
To study the effects of the presence of large capacitors in the test feeder on the accuracy of harmonic assessment, a capacitor is connected at the end of the feeder. Different types of capacitor connections, tuned and detuned capacitor banks have different impacts on harmonic performance. The worst case scenario is the grounded Y connected capacitors connected at the end of the feeder (weakest bus). This type of connection affects even the zero sequence harmonics, and the high network impedance X S (weak bus) with large size capacitor connected to it (low X C ) might lead to a resonant condition at low frequencies. A 600 kVAr capacitor, a relatively large capacitor compared to the feeder total reactive load, is connected at Bus 35 (end of the feeder).
The presence of capacitors in the feeder affects the assessment based on the readings at the head of the feeder only. The harmonic currents seen at the head of the feeder are not the total harmonic currents injected by the sources, as the capacitors provide another low impedance paths in addition to the substation. A second monitor is therefore needed at the capacitor bus, to record the harmonic currents flushed through the capacitor. The initial educated guess of currents injected by the load can be done based on the magnitude difference between the substation readings and the capacitor readings. The initial spectra calculated and used as average for the probabilistic assessment 
where:
I sub,h = substation monitor h th harmonic current reading, I cap,h = capacitor monitor h th harmonic current reading, I sub,1 = substation monitor fundamental current reading, I cap, 1 = capacitor monitor fundamental current reading. Note that the denominator in (3) is an approximate estimate of the total fundamental load current, assuming that the fundamental current at the substation and at the capacitor are perpendicular (i.e., due to highly MVAr compensated feeder the current angle at the substation is approximately 0°).
V. RESULTS AND ANALYSIS
All the studies discussed in the previous section are performed per phase. The results shown here are for phase A only for the sake of simplified presentations.
A. Coarse, Approximate, Analysis
The results of the impact of increasing the injection at certain points of the feeder on the whole feeder are shown in Figure 10 . As can be noted from the figure, the increase of the harmonic injection at one location has effects on the whole feeder with a more pronounced impact at the buses further from the substation. The impact on the point of increased injections (Bus 06) is an increase in the maximum THD from 3.11% in the generic case study to 3.17% when the injection is doubled, 3.3% when the injection is tripled and 3.41% when the injection is fourfold the original injection, i.e., almost negligible considering the level of increase of harmonic injections. Comparing the impact at the substation and at the furthest bus down the feeder, shows the more pronounced impact at the weaker buses, although they are electrically further from the point of harmonic injection. Bus 01 shows an increase in the maximum THD from 2.03% to 2.22% between the original and the fourfold increase in harmonic injection while the furthest bus, Bus 35, shows an increase in the maximum THD from 5.09% to 5.52%. This shows almost the same ratio of increase, i.e., 10% of the original values.
The second study was to roughly assess the daily harmonic performance of the feeder based on the readings at the substation and utilising the smoothed generic THD vs. an electrical distance curve. The coefficient of variation calculated at the substation is assumed to be constant along the feeder. Based on the corrected THD values and the constant coefficient of variation, the generic curves were rescaled and the rough estimate was produced. Figure 11 shows the results of the coarse assessment (smoothed blue curves) compared to the true general case THD values for different considered indices. It can be seen that the coarse assessment results in a very accurate estimation of the 95th percentile values. The accuracy of the coarse estimation of maximum THD values is lower though, and in particular for buses further away from the monitoring point. The assessed maximum THD tends to be lower than the actual max THD.
B. Probabilistic Assessment
The results of the one day probabilistic assessment are presented using cumulative distribution functions (CDF) and box plots for the 144 reading samples (6 readings every hour for 24 hours). Figure 12 shows the true (blue) and assessed (red) day performance box plots of the characteristic buses. As shown in the figure, the THD values at Bus 28 and Bus 35 are underestimated considering both the adopted performance indices (average, percentiles and maximum values) and variation ranges (percentile range and total range). This is due to the premature convergence of the algorithm solution (Figure 9 ), i.e., the error threshold is met at the substation before reaching the best estimate at all buses, especially the more distant buses. The error of the estimate is expressed with respect to the true values. Figure 13 shows the assessment error samples, i.e., each error reading during the day is recorded and the sample is plotted as a box plot. As shown in the figure, although the average error for the worst performing bus, Bus 35 is less than 12%, individual error readings could reach up to 40%. This is mainly due to harmonic current cancellation, which leads to low current and voltage readings at the substation while higher levels of harmonics are present in the feeder.
The harmonic performance CDFs of three characteristic buses are shown in Figure 14 for both true and assessed daily harmonic performance. The discrepancy between true (solid) and estimated (dashed) is the most evident (though still small) for buses 15 and 35 while for Bus 01 the CDFs are identical. Figure 15 gives a closer look into 95th percentiles values for THD and the 3rd and 11th harmonic voltages and corresponding assessment errors.
C. Probabilistic Assessment With Capacitor Connected
For the case of a large capacitor connected at a weak bus, the result of estimation based on the readings at the head of the feeder is shown in Figure 16 . As it can be seen the errors of the THD estimation are unacceptable as they exceed 40% when the capacitor bus information is not included in the evaluation. This is due to the fact that: i) a high portion of the harmonic currents does not reach the substation; ii) the resonance at the 9 th harmonic is excited due to the size of the capacitor, location and connection type. With a second monitor connected at the capacitor bus, the initial values of the loads spectra for the probabilistic evaluation are calculated based on equation (3) . By including the extra monitor information, the assessment for all harmonic voltages except at the resonant frequency is significantly improved. As shown in Fig. 17 , the errors in estimating the 95th percentiles of the 11th and the 13th harmonic voltages are substantially reduced and they are now less than 5%. However, due to the resonance at the 9th harmonic, the assessment at this frequency is still inaccurate regardless of the extra information provided by additional monitor. The errors in harmonic assessment are in this case around 30%, and this high error is subsequently transferred to the calculated THD, resulting in errors in the range of 20-30%. 
D. Discussion
The main limitation of the proposed probabilistic assessment methodology based on substation readings occurs in cases where harmonic currents do not reach the substation. This can happen mainly when either the lower impedance path is available through filters and power factor correction capacitors, or out of phase currents are injected at different nodes, which leads to a high level of cancellation. The former can be addressed by additional harmonic monitoring at the capacitor node as shown in Section V.C. The latter is expected to happen less in radial feeders as suggested in [16] .
It is also suggested in [1] to use a practical summation exponent (α), ranging from 1 to 2 in equation (4) . for the aggregation of i harmonic voltages (V hi ) in order to calculate the resultant voltage (V h ) in the second summation law in [1] . The expected phase angle between harmonic sources varies between 0°(linear summation) and 90°(quadratic summation).
This methodology also fails to assess harmonic voltages at the resonance frequencies. However, the harmonic resonance is a special case which the DSO should prevent by adopting appropriate measures at network design stage and while commissioning capacitors and transformers. If it occurs however, the protection systems of the shunt devices should operate (due to recorded high currents or voltages) and isolate the device and hence remove the cause of the resonance.
VI. CONCLUSION
Considering that the accurate knowledge of harmonic levels at distribution level buses is still not required by electricity market regulators in many countries, except for facilitating new load and generation connections, this paper presented simple, effective and sufficiently accurate methodologies for the assessment of harmonic levels in radial feeders based on harmonic monitoring at a substation. The approximate (coarse) assessment of harmonic levels can be performed using look-up curves developed and based on the electrical distance to the monitored bus. The more elaborate, probabilistic assessment can provide the THD and harmonic voltage levels at all buses along the feeder with errors in 95th percentile values of THD below 15% and of individual harmonic voltages below 10%.
Having in mind the trend towards integrating more renewables at the distribution level proliferation of power electronics, interfaced load and generation and storage technologies, and the increased attention on power quality performance, the ability to quickly assess the harmonic performance of the network, based on existing limited monitoring, can prove essential for the planning of cleaner and more flexible distribution networks. In this context, the proposed methodology can be used very effectively as it provides a simple and cost effective way to indicate the level of DG penetration, load growth and new load connections that might lead to violation of harmonic planning levels. It can also identify, based on simple estimates and look up curves, locations along the feeder where further more accurate harmonic analysis should be performed.
The main limitation of the presented probabilistic approach is the overestimation of harmonic performance when large capacitors are connected at the end of the feeder. Additional monitors at the capacitor nodes could solve this issue, however, the harmonic voltages at resonant frequencies would still not be assessed accurately. The overall improvement in the accuracy of the assessment could be achieved by considering capacitor size and location as the additional random variables in the Monte Carlo simulation, if the information from additional monitors cannot be readily obtained.
